Eighty college students mentally rotated 3-D shapes while maintaining a concurrent verbal or spatial memory load to investigate how sex, native language, and college major relate to the cognitive strategies employed during mental rotation (MR). Males were significantly better than females at MR, whereas na-
tive language was not related to MR ability or preferred strategy. A significant Sex × Major × Load interaction was found such that males majoring in the physical sciences performed better when primed by a concurrent spatial load as compared with a no-load or verbal load, suggesting their use of a spatially mediated MR strategy. In contrast, males majoring in the social sciences performed better when primed by a concurrent verbal load as compared with a no-load or spatial load, suggesting their use of a verbal/analytic MR strategy. The potential origins of these differences in strategy are discussed in the context of individual differences in brain organization.
the ability to create and use effective strategies for solving visuospatial problems such as mental rotation (Mr) is an important component of spatial intelligence. A number of studies (for a review, see Springer & Deutsch, 1998) have suggested an advantage in Mr performance when a spatially oriented strategy is adopted (i.e., comparing whole mental/visual images in the mind's eye), in contrast with a more analytic and perhaps verbally mediated strategy (i.e., internally "talking" to oneself about the structural components of a given object that might "line up" if rotated in space, but without ever or only intermittently creating an image). Notably, a reliable sex difference favors males in performing Mrs (Halpern, 2000) . One possible explanation offered for this advantage is that sex differences occur in the types of strategies that males and females are more likely to (but not uniformly) engage. And further speculation suggests that this use of differential strategy may be related to sex differences in the functional organization of the brain, which Yingli Psychological record, 2008, 58, 287-300 in turn may bias males toward a spatially mediated Mr strategy and females toward a verbally mediated Mr strategy.
For example, one hypothesis is that the male brain has regions of the right hemisphere (rH), particularly the right frontal and parietal areas that are specifically dedicated to the formation and manipulation of mental images (Gill & O'Boyle, 2003) . this anatomical factor may bias males toward the use of a spatial strategy when doing Mr. in contrast, females, with their often reported tendency toward bilateral representation of the language faculties, may be biased toward the use of a more verbally/analytically mediated strategy when they perform the very same task. in support of such theorizing, Gill and O'Boyle (1997) found that when matching rotated circles and arcs, females showed a pattern of bilateral electroencephalographic (eeG) activity localized to the language areas in the frontal and temporal regions, whereas males exhibited eeG activity lateralized solely to the right frontal lobe, which is important for forming and manipulating mental images. Because of this differential activation of the language and the imagery regions of the brain, the authors suggested that when performing Mr, females may use a verbal/analytic strategy, whereas males may use a more spatially oriented strategy. Moore (2003) , using a dual task paradigm, conducted a preliminary study to directly investigate the strategies that males and females employ during Mr performance. Specifically, male and female university students performed a variation of the Vandenberg and Kuse (1978) test of mental rotation (Mrt) while concurrently maintaining a verbal or a spatial memory load. Moore found that male performance during the spatial load condition was worse than in the verbal load condition, a result suggesting that the concurrent spatial task may have interfered with their use of a spatially oriented Mr strategy. However, she found no significant difference in female performance as a function of concurrent load type. Her tentative interpretation of this pattern was that males were more likely to be engaged in a spatial processing strategy, as evidenced by the fact that their performance was disrupted more by a concurrent spatial than a verbal load. in contrast, females tend to rely on a combination of spatial and verbal/ analytic processing strategies to solve Mr problems, as evidenced by the fact that their Mr performance was impaired under both the verbal and spatial concurrent load conditions. Moody (1998) also investigated strategic differences between males and females doing Mr by giving participants the aforementioned Mrt along with an accompanying problem-solving strategy questionnaire. this study revealed that males were better than females at Mr and that males reported using primarily a spatial strategy, whereas females reported using a verbal strategy. When the strategy questionnaire was readministered to participants 3 weeks later, 75% reconfirmed their use of their initial strategy type in performing Mr, suggesting that these sex-specific strategies persist across time. When taken in composite, the findings of these and other studies support the hypothesis that males and females are differentially biased toward the use of two qualitatively different Mr strategies (i.e., spatially oriented versus verbally mediated). this bias may partially explain the often reported male advantage in Mr performance.
Native language is another factor thought to influence brain organization, spatial ability, and potentially the Mr strategy. english and chinese are widely recognized as two qualitatively distinct languages; in spoken form, english is nontonal and chinese is tonal. in written form, english is alphabetic (i.e., written letters correspond to phonemes) and chinese is logographic (i.e., printed symbols correspond to whole words). Both behavioral and neuroimaging research on the processing of english have demonstrated that it is primarily a left-hemisphere (lH) mediated capacity (Hellige, 1993) , but the processing of chinese has been more difficult to localize. Some studies report right-hemisphere (rH) specialization (tzeng, Hung, & Garro, 1978; tzeng, Hung, cotton, & Wang, 1979) , and others suggest either lH (Gandour, et al., 2000; Kuo et al., 2001) or bilateral hemispheric mediation (chen et al., 2002; reich, chou, & Patterson, 2003; Valaki et al., 2004) .
One interesting investigation of the relationship between lH and rH specialization and native language was conducted by Yang and cheng (1999) , who used a divided visual-field paradigm. they found a left-visual-field/ rH advantage associated with the recognition of orthographically similar chinese characters, and a right-visual-field/lH advantage for recognizing phonologically similar chinese characters. this pattern suggests that the rH is particularly involved in the orthographic (visuospatial) aspects of chinese word processing, and the lH of native chinese speakers may be the primary mediator of the sound-based aspects of phonological processing. this left/right processing asymmetry is similar to that reported by studies using native english speakers, but the spatial differentiation requirements and the emphasis on shape processing, as mediated by the rH, are thought to be more highly pronounced in native speakers of chinese than in native speakers of english (Springer & Deutsch, 1998) .
Additional evidence using a variety of neuroimaging techniques also suggests a difference in the underlying cerebral organization of native speakers of chinese as compared with native english speakers (tan et al., 2000 Kuo et al, 2001) . For example, in a recent magnetic resonance imaging (Mri) study, Kochunov et al. (2003) found morphological differences in the shape of the frontal, temporal, and parietal regions of the brains of native english-speaking caucasians as compared with native chinese-speaking Asians. they attributed these anatomical differences to the differential learning experiences associated with acquiring the unique phonological and heavily visuospatial requirements of chinese as compared with english. Furthermore, tan et al. (2003), using functional Mri (fMri) technology, found that during the phonological processing of chinese characters, native speakers of chinese recruit a neural system involving the activation of the left frontal and left middle gyrus, as well as posterior parietal gyri on both sides of the brain. these latter regions are often considered part of a neural circuit known to mediate spatial working memory (Mesulam, 2000) .
Given the potential for changes in functional brain organization and enhanced development of the spatial capacities after acquiring and using chinese as one's native language, such highly practiced spatial abilities might be expected to produce superior Mr performance in native chinese speakers compared with native english speakers. And some studies have provided support for this hypothesis. For example, it has been shown that being able to write chinese is correlated with better performance on several spatial tests. these include Piaget's water-level task (li et al., 1999) , the nine-dot problem (li, 1991; li & Shallcross, 1992) , and various tests of image generation and manipulation (li & Zhu, 1999) . Further, li et al. (1999) have hypothesized that the experience of writing chinese characters facilitates the development of spatial abilities. For this reason, in the present study we included both native chinese speakers and native english speakers to test for the possibility of enhanced Mr ability in native speakers of chinese, as well as for the possibility of revealing their degree of reliance on a spatial Mr strategy as compared with a verbal/analytic Mr strategy.
college major is yet another factor that has been suggested to relate to the type of strategy used during Mr. Krutetskii (1976) has argued that high-level spatial abilities are required for success as a physical science major (i.e., majoring in physics, engineering, computer science). in support of this position, Martino and Winner (1995) demonstrated that students who majored in heavily math-based fields were significantly better at the Vandenberg and Kuse (1978) Mrt than students who majored in the social sciences (e.g., english, history, philosophy). Also, casey and Brabeck (1989) gave female college students a variation of the aforementioned Mrt and found that females majoring in physical science outperformed those females who majored in social science. this pattern is hypothesized to be a byproduct of females in physical science relying on a spatial rather than a verbal/analytic Mr strategy.
the Present Study in the present study, we investigated the influence of sex, native language, and college major on Mr performance and strategy type, and we examined if any such differences in strategy parallel the description of the differences in the underlying left/right functional asymmetry and specialization of the brain. to that end, we employed a well-documented measure of Mr ability, namely, the Vandenberg & Kuse (1978) Mrt, in conjunction with a dual-task paradigm. Specifically, we had male and female physical and social science majors, whose native language was either chinese or english, perform Mr problems while maintaining a concurrent verbal memory load or a concurrent spatial memory load. in the verbal load condition, we asked participants to memorize low-imagery nouns and to hold them in memory while solving Mr problems; in the spatial load condition, we asked participants to memorize and maintain a random shape (Vanderplas & Garvin, 1959) in memory while solving Mr problems. On the basis of previous research, males were expected to outperform females on the Mrt, as would those males and females majoring in the physical sciences when compared with those in the social sciences. Further, males, because of their characteristic rH mediation of many spatial processes, were expected to be biased toward using a spatial strategy when performing Mr, as evidenced by their enhanced performance when concurrently primed by a moderately demanding spatial memory load. Females, on the other hand, given their propensity for more lH/verbal mediation of the spatial faculties, were expected to exhibit improved Mr performance when primed by a moderately difficult concurrent verbal memory load. Native language of the participants was investigated in an exploratory fashion, with the tentative hypothesis that native speakers of a highly visuospatial language like chinese might exhibit better Mr performance than native speakers of english. With these predictions in mind, the present experiment was conducted in the following manner.
Method Participants
A total of 80 (39 male and 41 female) volunteers (mean age = 27.2 years, standard deviation [SD] = 6.9; slightly older than the traditional college students) were recruited from the student body at texas tech University. Among them, 35 were native english speakers (mean age = 25.8 years, SD = 8.8), and 45 were native chinese speakers (mean age = 28.3 years, SD = 4.7). regarding college major, 25 males and 11 females were physical science majors (e.g., engineering, physics, computer science), and 14 males and 30 females were social science majors (english, history, philosophy). Note that the difference in the number of male and female participants in each of our sample groups reflects the differential percentage of males and females who actually major in the physical versus the social sciences. All but 13 participants were right-handed (8 native english speakers and 5 native chinese speakers were left-handed), as evidenced by their responses to a modified version of the edinburgh Handedness inventory (Oldfield, 1973) . All participants selfidentified their sex and college major via a demographic questionnaire, and each was given a small gift (i.e., a pad-and-pen set) in exchange for their participation.
Stimulus Materials
the stimuli used in all three experimental conditions of the present study (no memory load, verbal load, spatial load) were items adapted from the Vandenberg and Kuse (1978) in the concurrent verbal load condition, the memorization of a set of six english words was interwoven among blocks of four Mr problems. Specifically, prior to the presentation of each Mr block, six low-imagery nouns (e.g., abstract, justice, mastery) were presented on a single 10 cm × 15 cm index card. Participants had 1 min to memorize the nouns before the card was removed. each noun of the set was six to eight letters long and had a mean imagery (low) rating of approximately 2.75 (Paivio, Yuille, & Madigan, 1968) . After a given set of four Mr trials was completed, participants were then asked to verbally report as many of the six nouns as they could remember. Subsequently, a new set of six nouns was presented for memorization, which was again followed by a block of four new Mr problems. this alternating sequence continued five times for each participant, resulting in 20 Mr problems performed in the verbal load condition.
in the concurrent spatial load condition, a random shape (i.e., a 24-point Vanderplas & Garvin form, 1959) was encoded into memory and interwoven among blocks of four Mr problems. these random shapes had a unique segmented quality in that the original intact form was visually split into quadrants, separated by approximately 5 cm (see Figure 1 ). each segmented shape was presented (one at a time) on a 10 cm × 10 cm index card and placed on the table in front of the participants for 10 s. Participants were then asked to imagine (and to memorize) what the original shape might look like when mentally pulled together to form a whole (i.e., joined at the center, as it had been before it was separated into quadrants). it should be noted that the short encoding time allotted for mentally pulling together each of the quadrants to form an intact shape (shorter than the 1 min allotted for memorization of the nouns in the verbal load condition) was specifically designed to emphasize the spatial processing requirements of the concurrent activity and to limit the opportunity for any verbal labeling of the entire shape or its component parts (for a discussion of this technique, see O'Boyle, Van Whye-lawler, & Miller, 1987.) After a block of four Mr problems was completed, participant performance on the concurrent spatial memory task was assessed: participants were asked to point to the intact target shape they had created and memorized, from among a set of 30 distracter shapes (also intact 24-point Vanderplas and Garvin forms). this interweaving of spatial memory load with blocks of four Mr trials was repeated five times for a total of 20 Mr problems completed in the concurrent spatial load condition.
Procedure the testing procedure employed in the present study was adapted from Moore (2003) . Participants were seated at a table where they completed the handedness and demographic questionnaires. they were then given verbal instructions describing the Mr task and asked to complete three practice Mr problems. After practice, actual performance in each of the three experimental conditions ensued (i.e., no load, verbal load, and spatial load), with the order of presentation for each condition randomized for a given participant. For each Mr problem, participants received 1 point if they correctly identified both of the matching objects or 0 points if they identified only 1 (or neither) of the matching objects in the allotted time. thus, for each memory load condition, the total possible Mr score ranged from 0 to 20 points.
in the assessment of memory performance for the items comprising the concurrent verbal and spatial memory tasks, participants in the verbal load condition received 1 point for each noun they successfully recalled (i.e., possible scores ranging from 0 to 6 for each list, maximum = 30); and for the spatial load condition, participants received 1 point for correctly identifying the given target shape from among the distracters (i.e., possible scores ranging from 0 to a maximum of 5).
Results
Preliminary analyses revealed no significant main effects or interactions involving handedness or native language, so the data were collapsed across these factors. table 1 depicts the means and standard deviations of Mr performance for each group as a function of memory load condition. A 2 (Sex) × 2 (Major) × 3 (load) mixed-design analysis of variance (ANOVA) on the mean number of correct Mr problems revealed a significant main effect for Sex, with males performing better than females: F(1, 76) = 15.83, p < 0.001; a significant main effect for Major, with those majoring in physical science performing better than those majoring in social science: F(1, 76) = 5.51, p < 0.05; and a main effect for load: F(2, 152) = 4.77, p < 0.05, with post hoc analyses revealing that Mr performance in the spatial and verbal load conditions was significantly better than in the no-load condition: t(79) = 2.44; p < .05; t(79) = 2.18; p < 0.05. However, the effects of the latter two load conditions were not significantly different from each other: t(79) = 0.37, p = 0.71. A twoway Major × load interaction was also significant: F(2, 152) = 7.60, p < 0.01; this was subsumed by a significant 3-way Sex × Major × load interaction: F(2, 152) = 10.56, p < 0.001. We further examined the latter higher-order interaction by performing separate two-way 2 (Major) × 3 (load) ANOVAs on the data generated by male and by female participants.
Data from Male Participants
For male participants, a significant main effect for Major was found, with physical science majors performing better than their social science counterparts: F(1, 37) = 12.57, p < 0.01. the main effect for load was significant: F(2, 74) = 4.79, p < 0.05, with post hoc analyses revealing that Mr performance in the spatial load condition was significantly better than in the no-load condition, t(38) = 3.73, p < 0.01, but not in the verbal load condition, t(38) = 1.43, p = 0.06. And performance in the no-load and verbal load conditions were not significantly different from each other: t(38) = 1.23, p = 0.23. For male participants, the Major × load interaction was significant: F(2, 74) = 24.5, p <0.001. Post hoc analyses indicated that males who majored in physical science were significantly better in Mr performance when primed by a concurrent spatial load as compared with their performance in the no-load condition, t(24) = 5.79, p < 0.001, and in the verbal load condition, t(24) = 5.60, p < 0.001. in contrast, males who majored in social science were significantly better when primed by a concurrent verbal load as compared with their performance in the no-load condition, t(13) = 6.84, p < 0.001, and the spatial load condition, t(13) = 5.72, p < 0.001 (see Figure 2 ). 
Data from Female Participants
For female participants, the two-way 2 (Major) × 3 (load) ANOVA produced no significant main effects or interactions: for Major, F(1,39) = 0.03, p = 0.86; for load, F(2,78) = 1.60, p = 0.21; and for load × Major interaction, F(2,79) = 0.13, p = 0.88.
Performance on the concurrent verbal and spatial memory tasks was also monitored, and the mean number correct (standard deviations) for each type of concurrent activity appears in table 2. Overall performance in both tasks was quite good, and importantly, no significant differences were found between sexes or majors in the performance of any concurrent task condition. Note. SD = standard deviation.
Discussion
Our current findings lead to several interesting conclusions about the relationship of sex, language, and college major to the type of strategy employed during Mr. the first of these is that males were significantly better at Mr than females, a finding that replicates previous research (Halpern, 2000) . Another finding was that physical science majors were better at Mr than social science majors, which also replicates previous work (Krutetskii, 1976) . Of particular interest, however, was the finding that male students majoring in physical science appear to be biased toward adopting a spatial strategy during Mr. this finding was inferred from their significantly enhanced performance (i.e., primed) by the processing of a concurrent spatial load but not by a verbal load, and it was significantly better than their performance in the no-load condition. in contrast, male students majoring in social science tended to adopt a verbal strategy, as evidenced by Mr performance that was enhanced by the processing of a concurrent verbal load but not a spatial load; and this performance was superior to their no-load performance. in a dual-task paradigm, one might have hypothesized that the engagement of a concurrent memory load would impair (rather than enhance) performance on the primary Mr task, a hypothesis suggested by Moore (2003) and others (e.g., Pelligrino, Siegal, & Dhawan, 1975; Warren, 1977) , particularly if the secondary activity is similar in nature to the processing required to perform the primary task. However, considerable research suggests that a relatively low-demand concurrent activity can actually prime performance on a primary task because it increases cognitive arousal, which in turn provides additional processing resources that can subsequently be allocated to the processing of the primary task; this results in enhanced (rather than impaired) primary task performance (Hellige, 1993; Hellige & cox, 1976; Kinsbourne, 1973 Kinsbourne, , 1975 Kinsbourne, 1975; Kinsbourne & cook, 1971; Kinsbourne & Hicks, 1978a; Kinsbourne & Hicks, 1978b; O'Boyle et al., 1987) . the fact that Mr performance in our study was better in both the verbal and spatial load conditions as compared with the no-load condition supports the idea that a mildly demanding concurrent memory load actually primes rather than impairs Mr performance.
One potential shortcoming of the present study is that intelligence levels for each group of participants were not directly measured. thus, one might speculate that the observed male/female difference, as well as the differences in strategy between male physical and social science majors, are related to the fact that one group had a higher/lower iQ compared with the other. While in theory this is possible, the fact that all participants were university-qualified and were randomly selected would seem to argue against this possibility. Most participants would have tested around the average entrance exam score (1200 on the SAt) to be admitted to the university; and no a priori reasons suggest that an exceptionally high/low iQ participant would more likely be male than female or a physical science major rather than a social science major. And although fluid intelligence measures are known to correlate with spatial ability (colom, contreras, & Botella, 2002; Saggino, Perfetti, & Spitoni, 2006) , the literature shows no strong consensus about the extent to which composite iQ scores per se are predictive of, or directly related to, Mr performance (Pani, chariker, & Dawson, 2005) .
Females in our study did not show any differential Mr performance as a function of concurrent task type, suggesting that they may employ a more mixed Mr strategy, perhaps involving a combination of verbal/analytic and spatial processing. However, there was a nonsignificant trend for female Mr performance to be enhanced under conditions of a concurrent verbal load as compared with the no-load condition, suggesting that their preferred strategy may be verbally/analytically mediated. the findings from our female participants differ from those previously reported by casey and Brabeck (1989), who found a difference in Mr performance between female physical science majors and female social science majors. We obtained no such difference in our study, perhaps because of our smaller sample size or because of differences in the type of Mr task we employed. contrary to our tentative expectation about native language, we did not find a difference in the overall level of Mr performance between native chinese speakers and native english speakers. Nor did we find any evidence of a bias toward the employment of either a spatial or a verbal Mr strategy as a function of native language. the absence of such effects may be related to two factors: (1) insufficient statistical power to detect such a difference (cohen's power = 0.59 for medium-effect size), given our sample size; and (2) although all of our chinese participants were able to speak, read, and write chinese fluently, they were also relatively accomplished in speaking, reading, and writing english; and so they were in effect chinese-english bilinguals. As such, their relative expertise in each language, along with their bicultural experiences, may have eclipsed potential Mr differences between the two native language groups. Future studies employing genuinely chinese monolinguals would be better suited to assess the impact of native language on Mr performance and potential strategic biases. conclusions According to Gluck and Fitting (2003) , the strategies used in mental rotation may be categorized as essentially one of three types: (1) spatial strategies (i.e., holistically rotating an imagined object in the mind's eye);
(2) analytic/verbal strategies that do not require any visualized manipulation of the object (i.e., a linguistic labeling of object parts and perhaps the subsequent computation of what relational properties may overlap between target and test stimuli); and (3) Mr strategies consisting of some combination of the two. Some previous research has already suggested that these different Mr strategies involve different brain regions and neural circuitry. For example, the use of a spatial Mr strategy suggests more rH processing and may reflect particular involvement of the frontal and superior parietal regions on the right side of the brain, since these areas are known to mediate the creation and manipulation of visual images. Such theorizing is buttressed by evidence from studies using eeG (Gill & O'Boyle, 2003) , positron emission tomography (Alivisato & Petrides, 1997) and fMri (Harris, egan, Sonkkila, tochon-Danguy, Paxinos, & Watson, 2000) technologies to image the brain regions that are differentially active during the performance of Mr and other spatially oriented tasks.
in contrast, the employment of a more verbal/analytic strategy suggests more lH involvement and perhaps the engagement of prefrontal and frontal regions on the left side of the brain, particularly Broca's area, which is known to play a prominent role in the mediation of a verbal working memory (Mesulam, 2000) . in the current study, male physical science majors tended to employ a spatial strategy during Mr, implying differential reliance on more rH than lH processing, whereas males majoring in social science tended to use a more verbal/analytic strategy, the latter suggesting differential reliance on more lH than rH functioning. Further research would be informative, using other types of spatial tasks (e.g., two-dimensional rather than 3-D Mr, ravens Matrices) supplemented by functional neuroimaging measures (e.g., fMri). Such research would shed additional light on how Mr strategy biases may differ as a function of sex and college major and whether they are related to, or have their origins in, differences in the underlying functional organization of the brain. references
